Relaxation of electronic spins in metals is significantly enhanced whenever a Fermi surface crosses Brillouin zone boundaries, special symmetry points, or lines of accidental degeneracy. A realistic calculation shows that if aluminum had one valence electron, its spin relaxation would be slower by nearly two orders of magnitude. This not only solves a longstanding experimental puzzle, but also provides a way of tailoring spin dynamics of electrons in a conduction band.
Electronic spin is emerging as a building block of new digital devices. All-metal bipolar spin transistor [1] was already demonstrated and new devices are being built using the phenomenon of giant magnetoresistance [2] . Recent advances in spin-coherent dynamics in semiconductors [3] may advance the development of a quantum computer [4] . All these new technological applications rely on relatively long relaxation time of conduction electron spin eigenstates. In this Letter we consider theoretically the problem of electronic spin relaxation in metals, and solve an outstanding puzzle, explaining why very similar metals (for example Al and Na) may have spin relaxation rates differing by two or three orders of magnitude.
Experiments [5, 6] show that spin states in metals live several orders of magnitude longer than momentum states. Furthermore, unlike momentum relaxation times τ , spin relaxation times T 1 [7] vary significantly among metals. According to Elliott [8] and Yafet [9] two factors cause electronic spin in metals to decay: (i) the spin-orbit interaction induced, for example, by (crystal) ions or impurities, and (ii) a momentum relaxation process such as impurity or phonon scattering. The product c 2 T 1 , where c 2 is a measure of the strength of the spin-orbit interaction, is then well approximated by τ and have similar magnitude for all simple metals. Considering only ion-induced spin-orbit interaction, crystalline and atomic c 2 should be similar. Indeed, by substituting the atomic values for c 2 Monod and Beuneu [10] found a "Grüneisen" behavior of c 2 T 1 for all alkali and noble metals: as a function of reduced temperature T /T D , where T D is a Debye temperature, the values of c 2 T 1 fall onto a single curve. On the other hand, metals Al, Pd, Mg, and Be have c 2 T 1 much smaller (up to three orders of magnitude for Mg and Be) than the "main group." For example, the atomic c 2 for aluminum differs by less than 10% from that for sodium [10] , yet the spin relaxation times at Debye temperatures are 0.1 ns for aluminum [11] (T D = 394 K [12] ) and 20 ns for sodium [5, 13] (T D = 150 K [12] ); the corresponding momentum relaxation times are in the ratio 1:7 [14] . We resolve this puzzle by showing that the crystalline c 2 is about thirty times greater in Al than in Na due to a rather subtle "band renormalization" effect.
In this paper we answer the question: "Why spin in some metals decays unexpectedly fast?" by introducing the concept of band renormalized spin-orbit interaction strength c 2 .
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Common to the "strange" metals (Al, Pd, Mg, and Be) with unusually fast spin relaxation is that their Fermi surfaces contain regions where c 2 is significantly enhanced. Such regions are found near Brillouin zone (BZ) boundaries, special symmetry points, or lines of accidental degeneracy. Although these spin "hot spots" comprise, generally, only a small part of the Fermi surface, they almost entirely determine the effective value of c 2 . We predict that the "strange" behavior is, in fact, common to all polyvalent metals, where spin hot spots are a consequence of the Fermi surface topology. This prediction is particularly significant since no polyvalent metals other than Al, Pd, Mg, and Be have been measured for T 1 so far.
Furthermore, our calculations show that T 1 can be appreciably altered by modifying the band structure (by alloying, doping, reducing the dimensionality, etc.). Our prediction is based on a realistic pseudopotential calculation for aluminum and analytical estimates for
If the periodic potential due to ions in a crystal lattice contains spin-orbit coupling 
. Such a formula could be obtained (3) scattering form factor has a constant amplitude, and (4) the interference between b kn (G) with different G is neglected.
Assumptions (1) and (2) are usually satisfied. Assumption (3) implies a scattering by a delta-function-like impurity potential. This simplification is consistent with our goal to establish the effect of band-structure (through b kn ) on T 1 rather than to study particular scattering processes. The neglect of interference can be justified if the scattering form factors have rapidly varying phase. Although such a form factor [that also satisfies (3)] is hardly found, realistic form factors do oscillate on the momentum scale where the transitions occur.
Assumption (4) is then partly justified, since the phase attached to b kn (G) will be different for different G.
The spin-mixing parameters |b kn | 2 can have a broad range of values, depending on the position of k in the BZ. Consider a band structure computed without the spin-orbit interaction.
If the closest band to n is separated from n by ∆, the spin-orbit interaction mixes the spins from the two bands (direct interband transitions):
V SO is some effective spin-orbit interaction. Three cases occur. (A) For a general point, the band separation is of order E F , the Fermi energy, so that ∆ ≫ V SO and
(B) If the state is close to a BZ plane that cuts G by half, the band separation is ≈ 2V G (V G is the Gth Fourier coefficient of the non-spin part of the lattice potential). Since typically
this can be a few orders larger than in (A). Finally, (C) the spin-orbit interaction can lift the degeneracy of two or more bands. The mixing of spins is complete and |b kn | 2 ≈ |a kn | 2 ≈ 0.5. The states with property (C) are not covered by the Elliott-Yafet theory [9] . This is not a concern, however, since as we show below, such states are statistically irrelevant for aluminum T 1 .
To illustrate how the band structure affects b 2 (and T 1 ), we perform a pseudopotential calculation for aluminum, where all three cases (A) to (C) occur. Our pseudopotential has a non-spin (scalar) part and a spin-orbit term. The scalar part [16] Having the band structure, the challenge is to evaluate the average of |b kn | 2 , a quantity that varies over several orders of magnitudes. We do the averaging by the tetrahedron method [19] with a carefully designed grid that envelops the two sheets of the aluminum 
The contribution of these points to
; the enhancement is ∼ 1/V G , consistent with the result in Tab. I. Curiously, the region II applies also to the noble metals, whose Fermi surfaces touch zone boundaries [12] . This effect is, however, masked by the unusually high V G for these metals [22] respectively. The region III assumes an fcc lattice with period a, energy and momentum in the units of 2π/a and (2π/a) 2 /2, respectively, and
. Both ADOB and b 2 come with the corresponding multiplicative factor. Notation:
is the band gap at the point of closest approach to the BZ plane given by G; N G , and N R are the numbers of the corresponding BZ planes and accidental degeneracy points (N R = 24); Θ is the step function.
Our final note concerns the hexagonal Mg and Be, where the deviation of T 1 from the "main group" is most striking [10] . We argue that this is also a manifestation of the band renormalization of c 2 . Without the spin-orbit interaction, all the states at the hexagonal faces of the first BZ of a simple hexagonal structure are degenerate [12] . The spin-orbit interaction lifts this degeneracy [8] (except at some symmetry points and lines), presumably by the amount V G V SO , the largest second-order term containing the spin-orbit interaction (any first order term vanishes since the structure factor associated with the hexagonal faces is zero [12] ). 
